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Abstract 
 
Our study was directed to improve the residual flexural strength and the heat resistant properties 
of concrete exposed to high temperatures using different fiber cocktail loadings including steel, 
polymer or cellulose fibers. At first the morphology and the thermal properties of the fibers and 
the fiber/cement composites were investigated by SEM and TG/DTA-MS. Then the influence 
of fiber type and amount on residual flexural strength were tested after cooling back from 150, 
500 or 800 °C temperature loadings. By adding steel, cellulose and polymer (polypropylene) 
fibers to cement, improvements both in post-cracking residual flexural strength and in 
insensitivity against explosive spalling were reached.  
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1. Introduction 
 
Due to the large number of fire cases, the design of building structures against fire has become 
more and more important [1-3], and in fact mandatory with the implementation of Eurocodes 
in Europe.  
In general, the behavior of concrete structures at high temperatures or in fire is more favorable 
than the behavior of steel or wood structures. At elevated temperatures the strength of concrete 
decreases due to physical and chemical changes and the deterioration of concrete at such 
temperatures has two forms: (1) local damage in the material itself and (2) global damage 
resulting the failure of the structural elements. Damage in concrete material can occur in 
reinforced concrete structures during fire, which may be due to various causes, i.e. different 
thermal expansion of the hardened cement paste and the aggregate; internal water vapor 
pressure; or different temperature in the cross-section as well as along the length of the element 
[4]. In some cases excessive cracking, decrease of bond and anchorage between the concrete 
and reinforcement or spalling of concrete cover can also occur during fire [5]. 
Thielen [6] concluded that changes in strength of concrete subjected to high temperatures 
depended on the type of cement and aggregate, the w/c ratio, the aggregate-to-cement ratio, the 
initial moisture content and the way of temperature loading. Other researchers emphasize the 
importance of the pore system on residual compressive strength [7]. During the cooling process 
concrete is not able to regain its original characteristics [8, 9].  
The explosive spalling at elevated temperatures is mainly caused by the water boiling inside 
the concrete. The generated steam cannot leave the concrete fast enough. Hence, due to steam 
accumulation, the inside pressure rapidly rises and it destroys the external concrete layers 
providing then free release way for the accumulated steam [10]. 
The fragments of the explosive spalling may be dangerous to the escaping people and to the 
firefighting crew. In addition, the reinforcements situated below the detached concrete layers 
are prone to heat up significantly faster, causing the premature collapse of the whole structure. 
The explosive spalling is a typical failure mode of the concrete tunnel elements [1]. In the case 
of tunnel fires the temperature rise is rapid, therefore the water evaporation is also intensive. 
However, explosive spalling may also occur in building fires [3].  
Different fiber types may improve different properties of concrete. Steel fibers in concrete 
significantly influence the hardened properties [11], i.e. they increase the post-crack tensile 
strength, the shear strength, the impact resistance, the fatigue resistance and reduce the crack 
widths. In contrast, the fire resistance of concrete structures is generally considered not to be 
influenced by steel fibers, though they may reduce the degree of spalling by bridging areas of 
spalled concrete [11]. Spalling of concrete in a fire may be reduced by the addition of an 
adequate dosage of micro polymer fibers (diameter from 3 to 32 µm with typical dosage of 1-
2 kg m-3) [11-15]. The terminology fiber cocktail is used if several types of fibers or several 
geometries of the same type of fiber are simultaneously used. 
Hence, our aim was to improve the residual flexural strength and the properties of concrete 
exposed to high temperatures using different fiber cocktails including steel, polymer and 
cellulose fibers. At first the morphology and the thermal properties of the fibers and the 
fiber/cement composites were investigated by SEM and TG/DTA-MS. Then the specimens 
were annealed at selected temperatures (150, 500 or 800 °C) for 1 h, and after cooling down the 
influence of type and amount of fibers on residual flexural strength in cold state were tested by 
three-point bending tests. 
 
2. Experimental 
 
2.1. Sample preparation 
 
Our concrete compositions are presented in Table 1.  
The consistency was kept to be constant by using admixture (flow class: F4). The mixing 
process was carried out by pan type concrete mixer (with activator). The composition of cement 
are presented in Table 2. We tested concretes reinforced with short steel fibers, micro polymer 
fibers or cellulose fibers together (fiber cocktail) or alone (Table 3).  
  
Table 1: Concrete compositions  
Material Type 
Mass in concrete / 
 kg per 1 m3 concrete 
Aggregate 
0/4 mm fraction (45%) 824 
4/8 mm fraction (55%) 1008 
Cement CEM I 42.5 N 380 
Fiber 
steel fiber (1.0 V%) 78.50 
micro polymer (polypropylene) fiber (0.1 or 0.2 V%) 0.91 or 1.82 
cellulose fiber (0.1 or 0.2 V%) 1.50 or 3.00 
Water mw/mc=0.43 163 
Admixture  Glenium C300 (max. 0.7 mc%) max 2.66 
 
Table 2: Compositions of cement 
Chemical composition / % 
SiO2 Al2O3 Fe2O3 CaO MgO TiO2 MnO Na2O K2O SO3 Cl 
18,99 4,48 3,04 61,87 1,39 0,24 0,28 0,08 0,46 2,89 0,038 
 
Table 3: Properties of tested fibers 
Sign Material Fiber 
length
/ mm 
Fiber 
equivalent 
diameter/ µm 
Density
/  
kg m-3 
Tensile 
strength/  
N mm-2 
Ignition 
temperature/ 
°C 
S Steel (brass-coated) 13 200 7850 3000  
P Micro polymer 
(polypropylene) 
12 20 910 400-500 400 
Ce Cellulose 12 12 1500  460 
 
The tested fiber cocktails and amount of fibers are presented in Table 4. After removing from 
the formwork, the specimens were stored in water for 7 days then kept at ambient conditions 
until testing. The samples were 28 days old at the time of the tests. During annealing, the 
specimens were kept for one hour at the selected temperature (150, 500 or 800 °C). They were 
then cooled down in laboratory conditions, and tested at room temperature.  
 Table 4: The tested fiber cocktails and amount of fibers [V%] 
Mix Mix
1 
Mix
2 
Mix 
3 
Mix 
4 
Mix 
5 
Mix 
6 
Mix 
7 
Mix 
8 
Steel (S) - - - 1.0 1.0 1.0 1.0 1.0 
Polymer (P) - 0.1 - - 0.1 0.2 - - 
Cellulose (Ce) - - 0.1 - - - 0.1 0.2 
 
2.2. Measurements 
 
TG/DTA measurements of the concrete and fibers were carried out on an STD 2960 
Simultaneous DTA/TGA (TA Instruments Inc.) thermal analyzer using a heating rate of 10 °C 
min-1 and Pt pans. The thermobalance was purged with air (130 mL min-1). Evolved gases were 
measured by a Thermostar GSD 200 (Balzers Instruments) quadrupole mass spectrometer 
(MS). A heated (200 °C) 100 % methyl deactivated fused silica capillary provided the on-line 
coupling. The selected ions between m/z = 4-184 were monitored through 64 channels in 
Multiple Ion Detection Mode (MID) with a measuring time of 0.5 s channel-1.  
To check the morphology, SEM images were obtained by a JEOL JSM-5500LV scanning 
electron microscope. 
The three-point bending tests were carried out on 3 parallel specimens with 70×70×250 mm 
dimensions by each mixture after annealing at selected temperatures (150, 500 or 800 °C) with 
1 mm/min loading rate.  
 
3. Results and discussion 
 
3.1. TG/DTA-MS 
 
 Figure 1: Thermal decomposition of bare concrete (Mix1) 
 
Table 5: TG/DTA-MS evolved gas ions ˙[16-19]  
m/z Fragment 
18 H2O+ 
41 C3H5+ 
44 CO2+ 
55 C4H7+ 
57 C4H9+ / levoglucosan fragment+ 
60 acetic acid+ / hydroxyacetaldehyde+ 
69 C5H9+ 
74 1-hydroxy-2-propanone+ 
82 2-methylfuran+ 
83 C6H11+ 
96 furfural+ 
97 C7H13+ 
98 furfuryl alcohol+ 
111 C8H15+ 
114 3-hydroxy-2-penteno-1,5-lactone+ 
125 C9H17+ 
126 5-hydroxymethyl-2-furfural+ 
139 C10H19+ 
162 levoglucosan+ 
In case of the bare concrete that contained no fibers (Fig. 1) the mass loss occurred in four steps, 
all of which were accompanied by an endothermic heat effect. In the first step between 50 and 
150 °C the concrete sample lost its physically bound water content, and water from the 
decomposition of ettringite and the calcium silicate hydrates were also released here. Then 
between 420 and 460 °C took place the dehydration of Ca(OH)2. In the third and fourth 
overlapping steps between 480 and 750 °C with continuous evolution of CO2 the CaCO3 
decomposition occurred [20, 21]. 
 
 
Figure 2: Decomposition of polypropylene fibers 
 
The decomposition of the polypropylene fibers happened in one step (Fig. 2). At first the 
polymer melted (endothermic DTA peak at 177 °C), then between 230 and 500 °C the sample 
decomposed and burnt in overlapping reaction accompanied with the release of H2O, CO2 and 
several other fragments in a wide mass range (see the ion current curves in Fig. 2 and their 
assignment in Table 5) [22, 23]. The decomposition of PP was endothermic, while the 
combustion was exothermic; and the net DTA peak was exothermic. The CO2 evolving between 
550 and 680 °C is coming from the capillary connecting the thermal analyzer to the mass 
spectrometer. 
 
 Figure 3: Decomposition of cellulose fibers 
 
Similar to the concrete sample, in the first step the cellulose (Fig. 3) lost its physically bound 
water content. After that the mass loss happened in two stages. Between 250 and 400 °C the 
structure of cellulose was decomposed, accompanied by the evolution of several volatile species 
(Table 5). In the next step between 450 and 500 °C the residual char was burnt and only CO2 
evolved [24]. Here due to the oxidation in air, the DTA peaks were endothermic again. The 
CO2 released from 550 °C is coming from the capillary. 
As expected, the steel fibers did not decompose until 800 °C, thus there thermoanalytical curves 
are not presented.  
The amount of fibers, especially the quantity of cellulose and polypropylene fibers, was very 
low in the concrete samples, and hence they did not influence the thermal behavior of concrete 
in a detectable way. Thus, the TG/DTA-MS curves of the composite samples are also not 
presented here. 
From the thermoanalytical results of the bare concrete, polypropylene and cellulose, it can be 
concluded that they all lost their adsorbed water content until 150 °C. The decomposition 
cellulose and the polymer was finished until 500 °C, while concrete decomposed until 800 °C. 
Bases on these, for the Mix1-8 samples annealing temperatures of 150, 500 and 800 °C were 
selected. 
 
3.2. SEM measurements 
 
 
Figure 4: SEM images of the samples a) Mix1, b) Mix1 after annealing at 800 °C, c) Mix2, d) 
Mix2 after annealing at 800 °C, e) bare polypropylene fibers, f) Mix3, g) Mix3 after annealing 
at 800 °C, h) bare cellulose fibers, i) Mix4, j) Mix4 after annealing at 800 °C, k) bare steel 
fibers 
 
In Fig. 4 SEM images of Mix1, Mix2, Mix3 and Mix4 before and after heating them to 800 °C 
are shown, and also the morphology of the bare fibers. Before heating the embedded fibers can 
be clearly seen in the mixtures. After heating few micrometer wide holes and cracks appeared 
on the surface of all samples caused by the volatile decomposition products of concrete. In the 
case of Mix2 and Mix3, the polymer and cellulose fibers were burnt out, and due to this wider 
holes were also present after the heat treatment, pointing to the original places of these fibers 
in concrete. There was no change observed upon annealing in the state of the steel fibers. 
 
3.3. Flexural behavior with different type of fiber and temperature loadings 
 
The results in Fig. 5 indicate that the addition of either micro polymer (Mix2) or cellulose fibers 
(Mix3) (without steel fibers) to concrete do not significantly influence the post-cracking 
residual flexural strength both before and after 150, 500 or 800 °C temperature loadings. 
In Fig. 6 the flexural stress vs. displacement diagrams are presented for fiber reinforced 
concrete samples with steel fibers (1.0 V%) (Mix4), with both steel (1.0 V%) and micro 
polymer fibers (0.1 V% or 0.2 V%) (Mix5-6), or with both steel (1.0 V%) and cellulose fibers 
(0.1 V% or 0.2 V%) (Mix7-8) both before and after annealing at 150, 500 or 800 °C. 
 
 
a) 
 
b) 
 
c) 
 
d) 
   Figure 5: Flexural stress-displacement curves of three-point bending tests of concrete beams 
without or with micro polymer or cellulose fibers (0.1 V%),  
 a) without temperature loading (20 °C), b) after 150 °C temperature loading,  
 c) after 500 °C temperature loading, d) after 800 °C temperature loading. 
  
 a) 
 
b) 
 
c) 
 
d) 
   Figure 6: Flexural stress-displacement curves of three-point bending tests of FRC beams 
with steel fibers (1.0 V%) and micro polymer or cellulose fibers (0.1 V% or 0.2 V%),  
 a) without temperature loading (20 °C), b) after 150 °C temperature loading,  
 c) after 500 °C temperature loading, d) after 800 °C temperature loading. 
 
The test results in Figs. 5 and 6 reveal that the steel fibers have the most remarkable influence 
(1.0 V%) on the post-cracking flexural stress at each studied temperature. When only steel 
fibers were added to concrete, the post-cracking flexural stress increased considerably. 
However, no considerable differences were observed for specimens including either micro 
polymer or cellulose fibers besides steel fibers. This shows that polymer and cellulose fibers do 
not have a beneficial impact on the post-cracking flexural stress. 
The results of flexural stress-displacement curves of three-point bending tests (Figs. 5-6) also 
show that there was a considerable reduction of both flexural strength and residual flexural 
strength in the temperature range of 500 and 800 °C, which can be mainly explained by the 
chemical changes of concrete in this temperature region [25-27]. Possible reasons can be 
reactions in the cement stone such as dehydration of Ca(OH)2 below 500 °C, and decomposition 
of CSH (calcium-silicate-hydrates) and CaCO3 between 500 and 800 °C. After the temperature 
loading we could observe that the color of the specimens had changed (Fig.7), which was 
related to the the chemical changes of concrete [28-31].  
 
 
Figure 7: Color of FRC specimens without or with temperature loading (150-800 °C) at cold 
state 
 
In addition to the chemical changes of concrete, modifications of steel properties can also 
contribute to the reduction of residual flexural strength of FRC. It was observed that there were 
pulled out steel fibers in the failed cross-section of the flexural test specimens already without 
temperature loading or after 150-500 °C annealing (Fig. 8.a). Furthermore, after 800 °C 
temperature loading steel fibers were even broken in the failed cross-section (Fig. 8.b). Fig. 9 
presents photos obtained with optical microscope of steel fibers taken out from the SFRC 
specimens after the bending test without or with the various temperature loadings. It is obvious 
that the mechanical properties of steel fibers deteriorated, as the annealing temperature 
increased.  
  
 a) 
 
b) 
Figure 8: SFRC specimens after temperature loading (fiber content: 1.0 V%): a) cross-section 
of specimen failed in flexure, annealing temperature: 500 °C; b) cross-section of specimen 
failed in flexure, annealing temperature: 800 °C 
 
 
Figure 9: Steel fibers taken from the FRC specimens after the bending test without or with 
various temperature loadings 
 
3.4. Spalling behavior with different type of fiber and temperature loading 
 
Finally, influence of hybrid fibers (steel/polymer/cellulose) on explosive spalling behavior are 
discussed. When the samples were heated up to the maximal temperature of 800 °C, the 
explosive spalling was avoided when either polymer fibers (0.1 V%) or cellulose fibers  
(0.1 V%) were used. Similarly, explosive spalling was avoided when fiber cocktails with steel 
fibers (1.0 V%) and polymer fibers (0.1 or 0.2 V%), as well as with steel fibers (1.0 V%) and 
cellulose fibers (0.1 or 0.2 V%) were used. In contrast, the explosive spalling was not avoided 
when only the relatively high amount of steel fibers (1.0 V%) were added to concrete, without 
the presence of cellulose or polymer fibers (Fig. 10). The beneficial effect of cellulose and 
polymer fibers is considered to be that, when they are decomposed and combusted below 500 
°C, empty channel will form in their places all along concrete, as shown previously by SEM 
results. Then when concrete is annealed at 800 °C, the as-released decomposition product gases 
can reach the surface using these channels, and their overpressure will not damage considerably 
the structure of concrete. 
 
 
a) 
 
b) 
Figure 10: Explosive spalling of SFRC beam with 1.0 V% short steel fibers after annealing at 
800 °C 
 
4. Conclusions 
 
Our experimental study was intended to improve concrete properties exposed to high 
temperatures using different fiber cocktails including steel, micro polymer or cellulose fibers. 
At first, the morphology of the fibers were studied by SEM, confirming their micrometer scale 
diameters. TG/DTA-MS investigations of concrete as well as of cellulose and polypropylene 
fibers showed that they lost their adsorbed water content until 150 °C. While The cellulose and 
the polymer fibers decomposed completely until 500 °C, while the decomposition of concrete 
was finished until 800 °C. Hence, we chose 150, 500 and 800 °C as annealing temperature for 
the concrete and fiber reinforced concrete samples.  
Based on the three-point bending tests the short steel fibers (1.0 V%), on the one hand, increased 
the post-cracking residual flexural strength both with or without temperature loading. On the 
other hand, our experimental results indicated explosive spalling failure upon heating up to 
800 °C. 
In contrast to steel fibers, cellulose (0.1 or 0.2 V%) and micro polymer (0.1 or 0.2 V%) fibers 
were found to be similarly effective in avoiding explosive spalling when a temperature loading 
of 800 °C was applied. 
In the case of applying fiber cocktails of short steel fibers together with cellulose fibers or micro 
polymer fibers improvements were reached both in post-cracking residual flexural strength as 
well as insensitivity against explosive spalling.  
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